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What is it? V(D)J recombination is
the rearrangement of gene segments
that occurs during the maturation of
B and T lymphocytes of the immune
system, to form the variable regions
of immunoglobulin and T-cell
antigen receptor genes. There are
many variable (V), diversity (D) and
joining (J) exons in the germline, and
they are separated by anything from a
few hundred base pairs to
two megabases.
Why is it important? It’s a way of
generating the diversity (up to 1012
unique antigen receptors) that the
immune system needs to be able to
recognize the almost infinite variety
of foreign antigens.
How does it work? The
lymphocyte-specific RAG1 and
RAG2 proteins cleave the DNA at
specific recombination signal
sequences (RSSs), then proteins
involved in the non-homologous
end-joining pathway of DNA
double-strand break repair complete
the joining process (see Figure).
How is it regulated? V(D)J
recombination is regulated in a
tissue-specific, lineage-specific and
stage-specific manner. The V, D and J
segments are recombined in an
ordered sequence (D–J
rearrangements before V–DJ). As you
might expect, the process is partly
regulated via the expression of RAG1
and RAG2, but it is also mediated by
the differential accessibility of
particular antigen receptor loci to the
RAG recombinase (the RAG1–RAG2
complex). ‘Allelic exclusion’ is an
additional level of regulation whereby
only one allele is recombined if a
productive antigen receptor is made.
What’s special about the RAG genes?
RAG1 and RAG2 could be remnants of
an ancient transposon that inserted
into the germline of a vertebrate
ancestor. In vitro, the RAG proteins
can excise a fragment of DNA
containing RSSs and integrate it
randomly into a target DNA molecule
via a mechanism similar to retroviral
integration and transposition.
Inappropriate transposase activity of
RAG1 and RAG2 could cause the
DNA translocations associated with
certain lymphatic tumors.
What other proteins might be involved?
The high mobility group proteins,
HMG1 and HMG2 — non-histone
components of chromatin that induce
a sharp bend in the DNA double
helix — enhance the activity and
specificity of the RAG recombinase in
vitro. Two potential hairpin-end
opening activities have been
described: the Mre11–Rad50–Nbs1
complex, which might function in
DNA double-strand break repair, is
capable of opening hairpin ends in
vitro, as can the RAG recombinase.
What else do the recombination proteins
do? XRCC4 and DNA ligase IV are
needed for neurogenesis, because
mutant mouse embryos lacking these
proteins die, and there is massive cell
death in their developing neurons.
There is speculation that a specific
mechanism — similar to V(D)J
recombination in lymphocytes —
creates DNA double-strand breaks in
neurons. This raises the possibility
that other factors involved in V(D)J
recombination and/or double-strand
break repair might also be needed for
neurogenesis.
What happens when it goes wrong?
Mutations in the RAG1 and RAG2
genes account for some cases of
severe combined immunodeficiency
(SCID), where the individuals lack
mature antigen receptors. Reciprocal
chromosomal translocations involving
the antigen receptor genes can cause
lymphoid malignancies. In some of
these translocations, V(D)J
rearrangements translocate distant
proto-oncogenes to the actively
transcribed antigen receptor loci.
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V(D)J recombination. The RAG recombinase
cleaves the DNA at specific RSSs (triangles)
next to the coding segments (rectangles), to
generate two types of end structure: hairpin
coding ends and blunt, 5′ phosphorylated
signal ends. The Ku heterodimer
(Ku70–Ku80) binds to the DNA ends and
recruits the DNA-dependent protein kinase
catalytic subunit (DNA-PKcs), activating it.
This functional complex is involved in
processing the hairpin coding ends. Finally,
XRCC4 and DNA ligase IV, which also form
a complex, ligate the DNA ends. The joining
of the coding regions is imprecise and leads
to the loss or gain of nucleotides at the
junctions, whereas signal end-joining is
precise. The lymphocyte-specific terminal
deoxynucleotidyl transferase (TdT) generates
even more diversity by adding non-templated
nucleotides (red) to the coding ends.
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